We have measured the relative phase of two Bose-Einstein condensates (BEC) using a time-domain separated-oscillatory-field condensate interferometer. A single two-photon coupling pulse prepares the double condensate system with a well-defined relative phase; at a later time, a second pulse reads out the phase difference accumulated between the two condensates. We find that the accumulated phase difference reproduces from realization to realization of the experiment, even after the individual components have spatially separated and their relative center-of-mass motion has damped.
The relative quantum phase between two Bose-Einstein condensates is expected to give rise to a variety of interesting behaviors, most notably those analogous to the Josephson effects in superconductors and superfluid 3 He [1] . Experiments with condensates realized in the dilute alkali gases [2] [3] [4] have recently drawn considerable theoretical attention, with a number of papers addressing schemes [5] [6] [7] by which to measure the relative phase. Two independent condensates are expected to possess [8] (or develop upon measurement [9, 10] ) a relative phase which is essentially random in each realization of the experiment. The experimental observation at MIT of a spatially uniform interference pattern formed by condensates released from two independent traps [11] is consistent with this view. In this Letter, we use an interferometric technique to measure the relative phase (and its subsequent time-evolution) between two trapped condensates for which the relative phase is initially well-defined. This system permits us to characterize the effects of couplings to the environment on the coherence [12] between the condensates.
The apparatus and general procedure we use to attain BEC in Rb are identical to those of the more recent [15, 16] of our previous two-condensate studies [15] [16] [17] . We load roughly 10 9 atoms in the |F = 1, m F = −1 (|1 ) spin state of 87 Rb into a time-averaged, orbiting potential (TOP) magnetic trap [18] . We then magnetically compress and evaporatively cool the gas for 30 s, producing a condensate of approximately 5 × 10 5 atoms with no noticeable non-condensate fraction (> 75% of the gas is in the condensate). The rotating magnetic field (ν AF = 1800 Hz) is then ramped to 3.4 G and the quadrupole gradient to 130 G/cm, resulting in a trap with an axial frequency ν z = 59 Hz. The fields are chosen to make the hyperfine transition frequency nearly field-independent [19] . We create the second condensate by applying a short (∼ 400 µs) two-photon pulse that transfers 50% of the atoms ( π 2 -pulse) from the |1 spin state to the |F = 2, m F = 1 (|2 ) spin state. The coupling drive consists of a microwave photon at 6833.6640 MHz and a radiofrequency (rf) photon at 1.0134 MHz; the sum of these frequencies is detuned slightly (∼ 100 Hz) from the expected transition frequency in our trap [20] . After an evolution time T and an optional 2 second π 2 -pulse, we release the condensates from the trap, allow them to expand, and image either of the two density distributions [15] . The post-expansion images preserve the relative positions and gross spatial features of the condensates as they were in the trap [16, 21] .
The evolution of the double condensate system, including the coupling drive, is governed by a pair of coupled Gross-Pitaevskii equations for condensate amplitudes Φ 1 and Φ 2 :
and
where T = −(h 2 /2m)∇ 2 is the kinetic energy, m is the mass of the Rb atom, V hfs is the magnetic field-dependent hyperfine splitting between the two states in the absence of interactions, condensate mean-field potentials are
is the condensate density, and the intraspecies and interspecies scattering lengths [15, 16] are a i and a ij = a ji . For the trap parameters given above, the harmonic magnetic trap- 
Phase-sensitive population transfer between the |1 and |2 states occurs with the drive on, but the two condensates become completely distinguishable once the drive is switched off.
The first -pulse [ Fig. 1(e) ] then recombines the |1 and |2 condensates, comparing the relative phase accumulated by the condensates to the phase accumulated by the coupling drive. The resulting phase-dependent beat note is manifested in a difference in the condensate density between the two states. Immediately after the second pulse the density in the |2 state (n 2f ) is
In this equation, n i denote the densities prior to the application of the second π 2
-pulse.
The interference term in Eq. 4 shows that measurement of n 2f ( r) in the overlap region is sensitive to the relative phase. Each realization of the experiment (with a freshly-prepared condensate) yields a measurement of the relative phase for a particular T ; by varying T , we can measure the evolution of the relative phase.
At short times T , for which the overlap between the condensates remains high, varying the moment at which the second π 2
-pulse is applied causes an oscillation of the total resulting number of atoms in the |2 state. The oscillation occurs at the detuning frequency δ = ω 21 − ω rf and is completely analogous to that observed in separated-oscillatory-field measurements in thermal atomic beams [28] or in cold (but noncondensed) atoms in a magnetic trap [29] .
The fringe contrast, initially 100%, decreases as the condensates separate. After ∼ 45 ms the relative center-of-mass motion damps and comes to equilibrium, leaving the components with a well-defined overlap region at their boundary, as shown in Figs The density profiles after the second 6 term in Eq. 4 is so large that the uncertainty is greater than π, then repeated measurements for the same values of T will yield an incoherent (i.e., random) ensemble of interference patterns. In the opposite extreme, (i.e., very little phase diffusion), repeated measurements will give essentially the same interference pattern at T in each experimental run. We plot the optical density in the center of the overlap region as a function of T in Fig. 3 , and observe an oscillation at the detuning frequency with a visibility of approximately 50%, corresponding to an rms phase diffusion ∆ϕ diff (T ) < ∼ -pulse. This is rather surprising, since the center-of-mass motion of the double condensate system is strongly (and completely) damped, and, in general, decoherence times in entangled states tend to be much shorter than damping times [31] [32] [33] . The intuition one develops in understanding few-particle quantum mechanics may not apply to experiments involving condensates. The phase between the two condensates seems to possess a robustness which preserves coherence in the face of the "phase-diffusing" couplings to the environment.
We have read out the relative phase of two Bose-Einstein condensates using a timedomain version of the method of separated oscillatory fields. We observe the persistence of phase memory in this "condensate interferometer," despite the presence of damping and the complicated rearrangement of the two condensate components. We have established that the time scale for phase diffusion in this system can be longer than 100 ms. The doublecondensate methods we have developed will be applicable to other experiments which explore phase diffusion as a function of condensate parameters including temperature, number of atoms [25] [26] [27] , and collision rates [34] . Collapses and revivals of the "memory" of the relative phase are predicted [10, 25] at time scales which may be experimentally accessible should environmentally-induced diffusion effects remain small. Our methods will also allow [19] D. S. Hall et al., Proc. SPIE 3270 (in press).
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